In order to clarify the mechanism of the complicated reactions in carbon composite iron ore pellets, carbon composite iron ore pellets of 3.5 mm in diameter were heated in the five conditions; (a) in vacuum, (b) the closed system after evacuation, (c)-(e) the closed system of initially 0.001, 0.01 and 0.1 MPa nitrogen after evacuation. The weight loss was measured in the five conditions (a)-(e) by gravimetric method. The individual curves were composed of the fast first step and the relatively slow second step. The first step was analyzed as zero order reaction and the rate constant, k s1 , was obtained. The second step was analyzed by applying the rate equations for the diffusion control in the product shell of the shrinking core model for spherical iron ore particles. The applicability of the equations was pretty good. The rate constant, k s2 , was a function of the total pressure p t and temperature T, which was expressed as k s2 ϭ A(p t )exp[ϪB(p t )/ T]. The apparent activation energy was ranged from 195 to 280 kJ/mol, which is near the activation energy for the diffusivity of carbon in g-iron. The rate of the fractional weight loss seems to be in a mixed control regime of the direct reduction, indirect reduction and indirect gasification. The transition fractional weight loss from the first step to the second step was evaluated in the conditions (a) and (b). It decreased with increasing the total pressure until it reached nearly zero in the conditions (c), (d) and (e), where Eq. (11) was applicable in the whole range of F t . KEY WORDS; iron ore; carbon; composite pellet; total pressure; carburization; direct reduction; indirect reduction: gasification; diffusion control; rate equation; transition.
Introduction
New ironmaking processes [1] [2] [3] [4] [5] by heating carbonaceous material composite iron ore pellet or dust pellet at elevated temperatures have been very actively developed for producing alternative iron source. And a few of them have been commercialized 1) for recycling dust from blast furnace and BOF. Also, some research works for using carbon composite iron ore hot briquette as blast furnace burden have been reported recently. 6, 7) The reactions in the composite pellet and briquette are classified as direct reactions and indirect reactions. 8) The indirect reactions include 3Fe 2 O 3 ϩCOϭ 2Fe 3 O 4 ϩCO 2 (1), Fe 3 O 4 ϩCOϭ3FeOϩCO 2 (2), FeOϩ COϭFe+CO 2 (3) and C+CO 2 ϭ2CO (4), and the direct reactions include, 3Fe 2 O 3 ϩCϭ2Fe 3 O 4 ϩCO (5), Fe 3 O 4 ϩCϭ 3FeOϩCO (6) , FeOϩCϭFeϩCO (7), Cϭ[C] (8) , FeOϩ [C]ϭFeϩCO (9) .
In spite of a number of research works about the reduction of iron oxides, the direct reduction of solid iron oxides with carbon which removed the indirect reduction has not been studied so far. In such a situation, Iguchi and Takada 8) have measured the rate of the direct reactions in vacuum by using composite pellets of as small diameter as 3.5 mm by gravimetric method. They have verified that the measured rate in vacuum by gravimetric method is certainly the rate of the direct reactions. And they have reported that the influences of the kind of carbonaceous materials and temperature are definitely strong; the rate is very fast at temperatures more than 1 373 K, the rate of the direct reactions for graphite bearing composite pellets is very fast in the reduction step from wustite to metallic although relatively slow in the step from hematite to wustite, and the rate of the direct reactions for coal char or coke bearing composite pellets is not so fast in the later period of the step from wustite to metallic iron although they are very fast in the initial period of the step from hematite to a partial metallic iron.
In order to confirm the contribution of the direct reduction of wustite with carburized carbon, Iguchi and Endo 9, 10) measured the content of carbon dissolved in reduced iron from the composite pellets containing coal char, coke or graphite. They reported that the carburization of the reduced iron is mainly conducted by the direct carburization reaction, Cϭ [C] , and the content of dissolved carbon seriously depends on the kind of the carbonaceous materials, i.e. very high with graphite, moderate with coke and very low with coal char. That is, the reduced iron carburizing ability of the carbonaceous materials by the direct carburization reaction definitely depends on the kind of carbonaceous material. The abilities of coal char, coke and graphite are very poor, pretty good and excellent, respectively. Furthermore, as the carbon content of reduced iron approaches the solidus line of Fe-C binary phase diagram, the reduced iron particles are very easily coalesced and the particles of the coal char and coke are very easily liberated from the reduced iron particles. Thus, the coalescence of reduced iron particles seems to limit the carbon content up to the solidus line. They also have reported very important facts that the carbon content of reduced iron from composite pellets depends on the size range of carbonaceous materials.
First objective of this study is to clarify the relationship between the rate of direct carburization reaction, Cϭ [C] , and the rate of gasification reaction, CϩCO 2 ϭ2CO. For the purpose, the rate of reactions in the composite pellets was measured gravimetrically in a closed system of varied total pressures of an initially pure nitrogen atmosphere. The influence of the kind of carbonaceous materials on the rate in the composite pellets was also investigated.
Second objective of this study is to quantitatively discuss the influence of the total pressure in the closed system on the overall rate of the reactions. For the purpose, the fractional weight loss curves were analyzed and the relationship between the overall rate and the total pressure was discussed.
Experimental
For the preparation of the carbonaceous material composite iron ore pellets, in this study, iron ore of a Brazilian pellet feed and three kinds of carbonaceous material of coal char, metallurgical coke and graphite were used. The chemical compositions of the materials were shown in Table 1 . The materials were first screened by 45 mm opening sieve. The iron ore and either of the carbonaceous materials were mixed so that the mol number of the reducible oxygen equals the mol number of the fixed carbon. Furthermore, Bentonite of 1 mass% of the mixture was added as binder. The three materials were mixed and then pelletized by hand rolling method. The diameter of the pellets was 3.5 mm.
The equipment for measuring the weight loss of a single composite pellet is shown in Fig. 1 . The pellet was very quickly heated up to a give temperature in about 60 s by automatic lifting of the furnace pre-heated at the temperature and held at the temperature. The atmospheres were the followings; (a) a continuously evacuating condition by the rotary pump, (b) the closed system after evacuation by the rotary pump, (c) nitrogen atmosphere of initially 0.001 MPa after evacuation by the rotary pump, (d) nitrogen atmosphere of initially 0.01 MPa after evacuation by the rotary pump and (e) nitrogen atmosphere of initially 0.1 MPa after evacuation by the rotary pump. During the heating in the five conditions, the weight loss of the composite pellet was measured. The total mol number of carbon monoxide which was formed until the completion of reactions inside a pellet was estimated to be 7.16ϫ10 Ϫ3 mol, which was calculated by assuming that the evolving gas was pure carbon monoxide. In the conditions of the closed system, the evolved gas was accumulated in the system. Since the total volume of the system was 4.5 L, the relative increment of the total pressure under the condition of the initial pressures of 0.1, 0.01 and 0.001 MPa is calculated to be 0.39%, 3.9% and 39%, respectively. And, for the condition (b), the total pressure changes from about 1 to 390 Pa.
In this study, the total weigh loss could not be divided into the weight loss of the reducible oxygen and the weight loss of the fixed carbon because of the very small amount of the product gas. Therefore, the fractional weight loss was used to represent the extent of the reactions. The fractional weight loss, F t , was defined by Eq. (10)
In the calculation, aW 0 was subtracted from DW assuming that water of a fraction of the initial weight of composite pellets remained even after dried in a conventional drier, which water content seemed to be brought into the pellets mainly along with carbonaceous materials. In this study, a was evaluated to be 0.03. Figs. 2(a)-2(e) , respectively. Since the whole water amount of 3% of W 0 was subtracted from DW at tϭ0, the initial part values of F t for each curve, especially for the curves at lower temperatures, i.e. 1 073 and 1 173 K, are minus. The curves in the conditions (a) and (b) are basically composed of the very fast initial step or the first step and the relatively slow later step or the second step. The curves in the other conditions were also assumed to be composed of the first step and the second step. In some fractional weight loss curves, especially in those in the conditions (a) and (b), a transit rapid rise followed by a rapid drop is observed. The set of the rise and drop seems to be a dummy weight loss followed by a dummy weight gain returning back to the original weight although some net weight loss is observed during the time lag. The transit dummy weight loss may be caused by too quick weight loss to measure in vacuum by the thermo-balance. The very fast evolution of the reaction product gas, i.e. CO, may generate a certain upward gas flow in the reaction tube and an upward friction force may act on the sample. The gas flow in the tube may work strongly especially in vacuum, i.e. the conditions (a) and (b).
Experimental Results

Influence of the Total
The temperature dependence of the rate of the first step looks like significantly weaker than that of the second step. Concerning the total pressure dependence, there can be seen a tendency that, with increasing the total pressure up to 0.001 MPa, the rate gradually decreases but, with further increasing the total pressure from 0.001 to 0.1 MPa, the rate gradually increases in opposition to the tendency up to 0.001 MPa. On the other hand, the rate of the second step clearly increases with increasing the total pressure over the whole range investigated from vacuum to 0.1 MPa. However, it is noted that the rate of the second step is not proportional to the total pressure, but it seems to be proportional to about the square root of the total pressure.
For the comparison with the coal char composite pellet, the coke or graphite composite iron ore pellets were tested under the three conditions of (a), (c) and (e) about the influ- , respectively. The influence of the total pressure on the rate of the reactions in the composite pellets is almost the same as that in the coal char composite pellets at each temperature. Comparing the curves of the coke composite pellets with those of the coal char composite pellets in the same conditions of temperature and the atmospheres, the condition where the curve of the coke composite pellet locates above the curve of the coal char composite pellet is only in vacuum at the highest temperature 1 423 K. Even in this condition, the initial rate of the former is significantly slower than that of the latter.
In the reverse conditions of the higher total pressure such as 0.1 M Pa at the lower temperature such as 1 273 K, the curve of the coal char composite pellets locates much above that of the coke composite pellets. The fractional weight loss curves of the graphite composite iron ore pellets under the three conditions (a), (c) and (e) at 1 273, 1 373 and 1 423 K are shown in Figs. 4(a)-4(c), respectively. The shape of the fractional curves is clearly different from those for the coal char or coke composite pellets under either of the conditions (a), (c) and (e). The shape of the first step is especially different. The rate of the first step gradually slows down as the fractional weight loss approaches the fraction corresponding to the Fe/FeO equilibrium, i.e. 0.23 to 0.25, where 0.23 corresponds to the formation of CO-CO 2 mixtures in equilibrium with the reduction step of Fe 2 O 3 →Fe 3 O 4 →FeO and 0.25 does to the formation of only CO gas. 8) But, once metallic iron starts to form and the fraction curves exceed the value corresponding to the Fe/FeO equilibrium, the reactions are accelerated even in the conditions (c) and (e) as well as in the condition (a), where the tendency had been already reported. 8) Also for the graphite composite iron ore pellet, the rate of the reactions in the second step increases with increasing the total pressure as similarly as the coal char or coke composite iron ore pellets. Under the condition of the low total pressures such as vacuum at high temperatures such as 1 423 K, the fractional weight loss curves of the graphite composite pellets exceed the curves of the coal char composite pellets in the way to the completion of the reactions.
Influence of Temperature on the Rate of the Reactions at Various Total Pressures
Firstly, the results of the coal char composite iron ore pellets are described. Rearranging the fractional weight loss curves shown in Figs. 2(a)-2(e), the influence of temperature on the curves at the individual conditions of (a) and (e) are shown in Figs. 5(a) and 5(b), respectively. In the condition, the second step of the curves is very slow independent of temperature while the first step is much faster than the second step. Therefore, the difference in the rate between the first step and the second step is very great. As the total pressure further increases, separating the first step from the second step becomes gradually difficult. The shape of the fractional weight loss curves in the condition (e) looks like round in the conditions except 0.1 MPa at 1 423 K. The round shape suggests that some diffusion process in the product shell formed on the iron ore particles may control the rate of the reactions.
Secondly, rearranging the fractional weight loss curves shown in Figs. 3 and 4 , the temperature dependence of the fractional weight loss curves in the conditions (a), (c) and (e) was examined with the coke or graphite composite iron ore pellets. The characteristics of the coke or graphite com-posite iron ore pellets seem to be the stronger temperature dependency than those of the coal char composite pellets, especially at the low total pressure such as vacuum. Of the three kinds of the composite pellets, the temperature dependency of the graphite composite pellets is strongest.
Discussions
Morphology of the Partially Reacted Composite
Pellet In order to develop a mathematical model for the rate of reactions in the carbonaceous material composite iron ore pellets, it is very important to observe how the metallic iron phase is formed on iron ore particles. The typical cross sections of the coal char composite iron ore pellets which were partially reacted up to about F t ϭ0.5 in the conditions (a), (c) and (e) at 1373 K are shown in Figs. 6(a)-6(c) . The morphology displays that the reduced iron phase is formed on a part of the surface of iron ore particles, i.e. not the whole surface, which part is supposed to be the contact points between wustite particles and carbon particles. It is noted, furthermore, that the fraction of the surface covered with reduced iron phase increases with increasing the total pressure. Since the fractional weight loss is almost identical with each other in Figs. 6(a)-6(c) , the thickness of reduced iron layer formed on the surface should increase with decreasing the total pressure. Observing the morphology shown in Fig. 6(a) , the thickness and size of the reduced iron phase is clearly greater than that in Fig. 6(c) . Inside the metallic iron, the morphology of pearlite is observed. Thus, it is proved that the reduced iron is carburized. Therefore, the direct reduction of wustite particles with carburized carbon by the reaction (9) is feasible.
Rate Analysis for the Reactions in the Composite
Pellets As can be seen in Figs. 6(a)-(c) , only part of iron ore particles is in contact with reduced iron phase only on part of the surface. In order to simplifying the model, nevertheless, it is assumed that all the iron ore particles are covered on the whole surface. Namely, all the iron ore particles are in the same physical state. Based on this simplification, the rate of the first step and the rate of the second step were analyzed.
Rate Analysis of the First Step of the Fractional
Weight Loss Curves Since, in the first step, the composite pellets were quickly heated by lifting up the pre-heated furnace, the rate is expected to be seriously complicated by the temperature change. Considering this condition, applying simply the integrated rate equations for the zero order reaction or the first order reaction to the first step part of the fractional weight loss curves was tried. As a result, the applicability of the former was better. The gradient of the first step of the fractional weight loss curves was taken as the rate constant,
]. The Arrhenius plot of the rate constant k s1 is shown in Fig. 7 The value of k s1 increases with increasing temperature. Also, the value of k s1 gradually increases with increasing the total pressure Pt from 0.001 to 0. ]. From the variation of the value of k s1 with the total pressure as shown in Fig. 7 , the following reaction mechanism may be proposed. In vacuum only the direct reactions can occur, but as the total pressure increases, the relative contribution of the indirect reactions increases. Therein, an important interaction between the direct reactions and the indirect reactions may work to a significant extent. By the interaction, fast gasification reaction may depress the direct carburization of reduced iron, which is the key direct reaction. Thus, at the lower temperatures, i.e. 1 073 and 1 173 K, where the gasification reaction is not so fast, the rate of fractional weight loss increases with increasing the total pressure. On the contrary, at the higher temperatures, i.e. 1 423 and 1 373 K, where the gasification reaction is fast, the rate of fractional weight loss increases via a minimum rate with increasing the total pressure.
Rate Analysis of the Second Step of the Fractional
Weight Loss Curves The following assumptions are made for setting up the mathematical model. 1) The resistance of the gas diffusion in the composite pellets is negligible.
2) The reactions and mass transfer for the individual iron ore particles composing the composite pellets control the reduction rate.
3) The iron ore particles are spheres of a specific radius, r 0 . 4) The products of the reduction reactions of iron ore particles are formed as porous spherical shells on the spherical cores of the iron ore particles. 5) The rate of reduction for the spherical particles of wustite which is formed from the spherical iron ore particles is controlled by the diffusion of carbon atom dissolved in metallic iron shell, the indirect reduction reaction at the interface between wustite and metallic iron, and the gasification reaction of carbon in the composite pellets. 6) The particles of wustite are reduced by the direct reaction (9) and the indirect reaction (3) as the parallel reactions. The fraction of the reducible oxygen removed by the reaction (9) is h and the fraction by the reaction (3) is the rest, i.e. 1Ϫh. Since the diameter of the composite pellets is as small as 3.5 mm, the assumption 1) may be reasonable. Under the assumption 1), the assumption 2) is naturally satisfied. The assumptions 3) and 4) are approximations made for simplification of the phenomena. Since, for the individual iron ore particles, the gas diffusion resistance may be negligible, the other resistances described in the assumption 5) control the reduction.
In this study, only the rate of the reduction from wustite to metallic iron is analyzed. The curvature of the second step parts is similar to that of the parabolic rate law for a simple plate. Consequently, the essential resistance may be the carbon atom diffusion in the condition (a), i.e. in vacuum, and the mixed regime of the carbon atom diffusion and the reactions (3) and (4) in the other conditions, i.e. the conditions (b), (c), (d) and (e). The assumption 6) is also made for simplification. In reality, the reaction (8) as the direct carburization is thought to interact with the gasification reaction of carbon by the reaction (4).
Under the assumptions described above, a reaction model shown in Fig. 8 is proposed. In the model, the reduction rate of wustite is controlled by the diffusion process of carbon atoms dissolved in the metallic iron of the porous metallic-iron shell and the chemical reaction of wustite with CO at the interface. Namely, the shell of the metallic iron is a porous layer and, carbon atoms can diffuse through the solid part of the layer and the gaseous molecules can diffuse through pores of the layer. From the model, Eqs. (11) and (12) 
.(14)
The model has been developed about the reduction of wustite to metallic iron while the fractional weight loss curves shown in Figs. 2-5 display the relation between the weight loss of reducible oxygen and fixed carbon, and the reaction time. Since the kinetics for the reduction of wustite with carbon as a solid-solid reaction has never been quantitatively studied, as a first approximation, Eq. (11) was applied to the fractional weight loss curves.
In order to simply the problem, furthermore, the approximations of hϭ1 and F t ϷR d ϭ0ϳ1 are made. Namely, wustite is reduced exclusively with dissolved carbon in metallic iron forming metallic iron and CO gas as products. A typical rate analysis by applying Eq. (11) to the fractional weight loss curves is shown in Fig. 9 . Over a long range of the reaction time, the straight line relation is established. From the gradient, the value of the rate constant k s2 was evaluated as a function of the total pressure and temperature. The Arrhenius type plot for the temperature dependence of k s2 at each total pressure is shown in Fig. 10 . The apparent activation energy varies with the total pressure from 195 to 280 kJ/mol. And the average apparent activation energy is about 200 kJ/mol, which is in a pretty good agreement with the activation energy for diffusion of carbon in g-iron; 157 kJ/mol 11) at 1 198-1 373 K. The value of k s2 is expressed in a rough approximation by The dependency of k s2 on the total pressure (p t [Pa]) at temperatures from 1 073-1 423 K is shown in Fig. 11 . Representing k s2 by an equation of the type, k s2 ϭa s2 p t n , the value of the power n is equal to 0.2 at 1 073 K and to 0.5 at 1 423 K. The value of n shows a tendency to gradually increase with increasing temperature.
The typical experimental fractional weight loss curves and their calculated ones are compared with each other in mental and calculated curves. In order to consider the whole range of the fractional weight loss curves, the transitional fractional weight loss shifting from the first step to the second step is needed. That was estimated as the intersect point by extrapolating the straight line equation for the first step and Eq. (11) shown in Fig. 12 for the second step. The obtained transitional fractional weight loss was summarized in Fig. 13 for the conditions (a) and (b). In the other conditions, the two lines does not intersect in the range F t Ͼ 0. That implies that Eq. (11) is applicable almost the whole range of the fractional weight loss. Seeing the fractional weight loss curves shown in Figs. 2-5 , the first step looks like almost zero in the conditions (c), (d) and (e) at 1 273 K or more. Concerning the rate of the first step summarized in Fig. 7 , consequently, the rate in the conditions (c), (d) and (e) should be the initial rate of the second step in disagreement with the rate in the conditions (a) and (b). Remind that a different tendency had been observed between the two groups of the conditions in Fig. 7. 
Discussion of the Chemical Reaction Contribution
of Indirect Reduction and Gasification In the rate analysis described in Sec. 4.2, the diffusion resistance of carbon atom in the shell of metallic iron is assumed to be the maximum resistance in vacuum and the rate equation of Eq. (11) derived under the assumptions was applied. But, actually, the rate equation was applied to the fractional weight loss curves not only under the condition (a), but also under the conditions (b), (c), (d) and (e) which are not vacuum conditions. Nevertheless, the applicability of Eq. (11) is pretty good. Considering the situation of the reduction of wustite particles with carbon dissolved in the adjacent reduced iron by the reaction (9), the gaseous reaction product, i.e. CO molecules, has to be able to diffuse outwards or flow out of the reaction site, i.e. the interface between wustite and metallic iron. The pressure of the reaction product gas in equilibrium with wustite, metallic iron and graphite is an exponential function of temperature and much greater than 1 MPa at more than 1 273 K. The bursting model was proposed for making channels for the CO to go out of the formed layer of metallic iron. 12) By the kinetic theory for gaseous molecules, the diffusivity for CO-CO 2 binary system, D CO-CO2 , is inversely proportional to the total pressure while the concentration of CO is proportional to the total pressure. So, the gas diffusion rate in pores per iron ore particle is independent of the total pressure. The diffusion rate of atomic carbon is of course independent of the total pressure. The molar fractions of CO at each side of iron layer may change with the total pressure, but the change would be small. So, the mixed control model of the carbon diffusion in metallic iron and the gas diffusion in the pores, where each process is independent of the total pressure and is disagreement with the results shown in Fig. 11 , can not explain the experimental results.
Applicability of the chemical reaction control model is discussed. First, how the gaseous reduction reaction (3) of wustite and the gasification reaction (4) depend on the total pressure of the reaction gases is discussed. As well known, the rate of the reaction (3) is proportional to the partial pressure of CO, p CO [Pa] . The rate of the reaction (4), k gs , is expressed by the rate equation (16). and obtained the values of the rate constants k 0 , k 1 and k 2 as temperature functions. Using the rate constants, the value of k gs in the CO-CO 2 mixture in equilibrium with wustite and metallic iron was calculated under the total pressure range of the experimental condition in the temperature range from 1 073 to 1 423 K, and the effect of the total pressure on the value of k gs was examined. The variation in the value of k gs with the total pressure is shown in On the contrary, the value of n for k s2 ϭa s2 p t n increases from 0.2 to 0.5 with increasing temperature from 1 073 to 1 423K as shown in Fig. 11 . Consequently, the chemical reaction control by the reactions (3) and (4) can not explain the experimental results.
As described above, the only possibility remained would be the mixed control of the reduction of wustite with carburized carbon by the reaction (9) and the gaseous reduction of wustite with CO by the reaction (3), and/or the gasification reaction of carbon with CO 2 by the reaction (4 Fig. 10 might be considered as the rate constant of the mixed control of the carbon diffusion in the shell of metallic iron and the chemical reduction at the interface between the wustite core and the metallic iron shell. In any case, nevertheless, the contribution of the direct reaction, the reaction (9), may be very important in carbon composite iron ore pellets.
Conclusions
The carbon composite iron ore pellets of as small diameter as 3.5 mm were prepared using the size range under the sieve opening 45 mm of carbon and iron ore. The fractional weight loss curves were measured in the five atmospheres of (a) in vacuum, (b) in the closed system after evacuation and the closed system of initially pure N 2 of (c) 0.001 MPa, (d) 0.01 MPa and (e) 0.1 MPa at 1 073 to 1 423 K. The following conclusions were obtained.
(1) Each curve is composed of the initial fast step (the first step) and the later relatively slow step (the second step).
(2) The rate of the first step was analyzed as zero order reaction. At 1 073 K the value of k s1 increases with increasing temperature, but at 1 423 K it increases via the minimum at 0.001 MPa with temperature. The apparent actition energy decreases from 130 to 83 kJ/mol with increasing the total pressure. (3) The rate of the second step increases definitely with increasing the total pressure and temperature. The rate was presumed to be a mixed control regime of the carbon diffusion in metallic iron, the indirect reduction of wustite with CO, and the gasification reaction of carbon with CO 2 . The rate equation of Eq. (11) was derived as the diffusion limiting equation on the basis of the shrinking-core meodel. Applying Eq. (11) to the iron ore particles, the rate constant, k s2 ., was obtained. The value of k s1 was roughly expressed by Eq. (15). The apparent activation energy was ranged from 195 kJ/mol to 280 kJ/mol. The dependency of k s1 on the total pressure ( p t ) was p t 0.2 at 1 073 K to p t 0.5 at 1423 K.
(4) The transition fractional weight loss from the first step to the second step was obtained. The transition fractional weight loss decreased with increasing the total pressure and was equal to zero in the conditions (c), (d) and (e). Namely, Eq. (11) was applicable in the whole range of F t at the whole temperature range.
